Water transport through soft contact lenses (SCL) is important for acceptable performance on the human eye. Chemical-potential gradient-driven diffusion rates of water through soft-contact-lens materials are measured with an evaporation-cell technique. Water is evaporated from the bottom surface of a lens membrane by impinging air at controlled flow rate and humidity. The resulting weight loss of a water reservoir covering the top surface of the contact-lens material is recorded as a function of time.
Introduction
The performance of soft contact lenses (SCL) on the human eye depends strongly on the water content and water-transport properties of the contact lens [1] . There is much evidence to believe that in-vivo contact-lens dehydration is primarily caused by an evaporative-dehydration process [2] [3] [4] [5] [6] [7] . Evaporation at the anterior surface of a partially dewetted SCL draws water from the post-lens tear film (PoLTF) and through the lens into the environment (air). If this outward water transport rate is sufficiently large, the PoLTF may deplete, causing corneal desiccation [8, 9] , reduced on-eye movement [10, 11] and, in extreme cases, lens adherence to the cornea surface [7, 12] . Water loss may also lead to discomfort and to dryness symptoms [13] , and may reduce oxygen transmissibility [14] , as well as fitting and corrective power of the lens [7] . Transport of water through a SCL can also be induced by an osmotic gradient between pre-lens and post-lens tear films [15] , or by mechanical lid stress [16] . Understanding the importance of these phenomena requires quantitative knowledge of the rate of water transport through a thin polymer membrane.
Previous work on water diffusion in soft contact lenses has focused primarily on measuring self-diffusion coefficients [17] [18] [19] [20] [21] [22] , which characterize water transport in the absence of a chemical potential gradient. A few studies report measurements of kinetic sorption/desorption [23] [24] [25] [26] [27] of water or steady-state water fluxes [8, 28] driven by a water-activity gradient through a SCL.
Water Diffusion through SCLs
In this work, we report steady-state diffusion rates of water through soft-contactlens materials under a water chemical-potential gradient. To measure water flux precisely, we have greatly improved a recently developed evaporation-cell method [28] .
In this experimental method, a water activity-gradient is established by water evaporation from the bottom surface of a SCL thin membrane whose upper surface is maintained in contact with pure water. In a recent report [29] , we have shown that our method gives reliable diffusivities by comparing evaporation-cell data with results from other techniques for a HEMA SCL. Here, we study a conventional hydrogel (SofLens TM One Day) and a silicon hydrogel (PureVision TM ) with (prefix ST-) and without (prefix NT-) surface plasma treatment. For comparison, we also reconsider the previous results obtained for a HEMA SCL [29] .
Two distinct frameworks are commonly used to describe solute transport through membranes: the pore-flow model and the solution-diffusion model [30] . In the pore-flow framework, the membrane polymer is viewed as a porous solid matrix through which the solute hydraulically flows, whereas in the solution-diffusion model the polymer/solute is viewed as a molecular mixture, and solute transport is via diffusion. According to Wijmans and Baker [30] , in a solution-diffusion membrane, the free-volume elements are a consequence of statistical concentration fluctuations in the membrane. They appear and disappear in about the same time scale as that for the motion of the solute penetrant.
Conversely, in a porous-medium membrane, the free volume elements (pores) are relatively stable and do not fluctuate in position and size on the time scale of penetrant transport. In contrast to others who adopt a porous-medium model to describe water transport through SCL materials [2, 31] , we argue that the solution-diffusion model provides a more consistent representation of the physics of water transport in SCL hydrogel materials. Further, the very small pressure-induced water permeabilities of HEMA [32, 33] and PureVision TM SCL [32] support a diffusive rather than a pressuredriven viscous mechanism for water transport through these materials.
Within the solution-diffusion framework, Fick's law is generally adopted to describe diffusion in binary systems because of its simplicity. However, Fick's law does not explicitly account for thermodynamic nonideality and also cannot be readily applied to multicomponent systems. We view a water/hydrogel SCL as a highly nonideal molecular mixture. Moreover, we are interested in extending our present study to include simultaneous, multicomponent transport of other small molecules (e.g., salt or oxygen) through a contact lens. A self-consistent description of multicomponent transport for a simple fluid mixture is given by the generalized Maxwell-Stefan (GMS) framework that accounts both for thermodynamic nonideality and for diffusion coupling in multicomponent mixtures [34] . However, even in the binary case, difficulties are encountered when GMS is applied to transport through a cross-linked polymeric membrane because the unknown molecular weight (or, equivalently, a molar concentration) of the membrane must be specified [28] . This problem arises because GMS does not represent correctly the frictional resistance between molecules that differ greatly in size. Recently, we have proposed an extended Maxwell-Stefan model (EMS) to describe multicomponent transport for molecules of starkly different size [35] . When EMS is applied to solute transport in a membrane, there is no need to specify the unknown membrane molecular weight. In this work, we adopt the EMS model to analyze our experimental water fluxes through SCL materials. Swelling/shrinkage of the membrane is included self-consistently by imposing conservation of the polymer mass in the membrane. For completeness, we report also Fickian diffusion coefficients for water in our SCL materials.
Experimental

Materials
Distilled/deionized water is obtained from a MilliQ TM purification system; water resistivity is greater than 18 MΩ cm. Commercial SCL materials were kindly provided by Bausch & Lomb as flat, rectangular sheets (7 x 9.5 cm) synthesized between two glass plates. Two soft-contact-lens (SCL) materials were used in this study: a conventional hydrogel, SofLens TM One Day (hilafilcon A), and a last-generation silicone-hydrogel, PureVision TM (balafilcon A). One batch of PureVision TM sheets was subjected to surface oxygen plasma treatment, similar to the commercial product [36] [37] [38] , whereas a second batch was not. Table 1 gives properties of SCL membranes, including a previously studied HEMA (2-hydroxyethyl methacrylate) SCL [29] . Water content at saturation, , reported by Bausch & Lomb, refers to weight percent of water in a wet contact lens that has been completely water saturated in a sterile isotonic solution at room temperature.
The conventional hydrogel SofLens 10 w TM One Day has a water content at saturation of 70%, much larger than that of HEMA at 38%. The saturation water content of PureVision TM is 36%, similar to that of HEMA.
Wet thickness, , of the SCL membranes was measured using a micrometer (Mitutoyo MDC 0-1" PF, accuracy ± 1 µm) at different locations; the average value reported in Table 1 (with the standard deviation) is used for subsequent calculations. 0 L From the small standard deviation, we conclude that the lenses have an essentially uniform thickness. The glass-transition temperature of each dry SCL material was measured by modulated differential scanning calorimetry (Modulated DSC 2920, TA Instruments) as described elsewhere [39] . Table 1 also reports the dry mass density, p ρ , for each contact lens, as estimated from the water content and from the specific gravity of the saturated SCL (reported by Bausch & Lomb) by assuming ideal volume of mixing.
Flory interaction parameters, χ , are calculated as discussed later.
Apparatus
The right side of Fig. 1 shows a schematic of the evaporation cell used to measure diffusivities of water through soft-contact-lens membranes [28] . The SCL membrane supports a small reservoir of water (10 g) on the top surface while the bottom surface is exposed to impinging-air jet flow at fixed relative humidity (RH) and flow rate. The soestablished chemical-potential gradient for water between the two membrane surfaces (i.e. the water content difference) induces an evaporative water flux across the lens that is measured gravimetrically. The evaporation cell, which sits atop an electronic balance (Sartorius, Model CP 343 S) is similar to that of Hoch et al. [28] . A detailed description of the modifications may be found in the thesis of Fornasiero [40] .
A brass stand pipe is located below the membrane surface to provide an air supply of known humidity. The ratio between the pipe diameter and the SCL-exposed diameter (2.29 cm) is chosen to provide uniformly accessible mass transfer across the membrane surface [41] . Turbulent air flow is desired because measured water evaporation fluxes at finite air-flow Reynolds numbers, Re, must be extrapolated to infinite Re (see next section). Large air-flowrates are required to reach the turbulent regime in an empty pipe.
Further, when directly blown against the SCL membrane, such high flow rates cause damage and a large, lift-induced scattering of weight measurements. To overcome these difficulties, a 12-element Kenics® static mixer is inserted into the brass air-supply stand pipe. The Kenics® static mixer produces turbulent flow at Re as low as 500 (supplier specifications and [42] ). As illustrated on the left of Fig Before measuring steady-state water fluxes through the membranes, we verified that no other water loss occurs in the evaporation cell. Instead of a SCL membrane, we replaced the lens material with an impermeable aluminum foil in the evaporation cell and measured the weight loss as in a typical water-flux experiment. The measured water flux was less than 1% of the lowest observed flux with a SCL material in place. We conclude that our evaporation cell is tightly sealed. Typically, n 1 differs by less than 1% from the last two-hours slope.
Method
For each lens material, experimental data are collected for seven different air-flow rates in the range 6-50 L/min and for three different relative humidities at 24.0 ± 0.5 °C.
Chosen air-flow rates are 6, 8, 10, 14, 20, 30 and 50 L/min, while relative humidities are 20, 50, and 80%. Air flow and relative humidity are maintained constant within ±0.5%
and 1% of the set points, respectively. Each experiment is repeated at least twice to assure data reproducibility. Repeat experiments yield water fluxes that typically agree to within 2 -4%. Additional details on the experimental apparatus and measurement procedures are available elsewhere [40] .
In general, a mass-transfer resistance for water is present at the membrane/air interface. This interfacial resistance is in series with the diffusive resistance of the membrane and must be accounted for. For impinging-jet flow, the mass-transfer coefficient scales with the square root of the air-flow rate [41] . Therefore, a plot of 1/n 1 as a function of Re -1/2 should be linear. The intercept on the ordinate of this plot gives the inverse water flux for an infinite air-flow Re, i.e. in the absence of mass transfer resistance at the membrane/air interface [28] . This extrapolated water flux, , is used here to determine the water diffusivity in the SCL material. Because of excellent reproducibility of measured fluxes, the experimental error for extrapolated water fluxes is small, as demonstrated in column 3 of Table 2. 1 n ∞
Extended Maxwell-Stefan Framework
To interpret the water-evaporative flux results, we use the recently proposed extended Maxwell-Stefan (EMS) model [35] . Because the water head in the evaporationcell reservoir is very small, we assume that our system is isobaric. Further, we assume isothermal diffusion with no volume change upon mixing. Water transport occurs essentially only in the direction orthogonal to the membrane surface. Under these conditions, EMS reduces to
where subscripts 1 and p denote water and polymer, respectively; 1 µ is the local chemical potential of water in the membrane; x is the distance from the upper surface of the membrane; c 1 is molar concentration of water in the water/polymer mixture; i φ is volume fraction of i; v i is species i velocity; v is the polymer segment molar volume;
and is the binary EMS diffusion coefficient for water in the membrane.
1p Ð
Since EMS regards a membrane/solvent system as a nonideal polymer/solvent mixture, the chemical potential of water in the membrane is calculated from the polymergel/solution theory of Flory and Rehner [28, [43] [44] [45] :
where the superscript 0 denotes a pure species, χ is the Flory solvent-polymer interaction parameter, is the molar volume of pure water, and G is the membrane bulk modulus. The first three terms within the square brackets of Eq (2) correspond to Flory-Huggins [46] theory for a polymer with an infinite molecular weight, whereas the last term provides the contribution of membrane elasticity. Here, the Flory interaction parameter 0 1 v χ is assumed constant and is obtained from the measured membrane water content when equilibrated in a sterile isotonic solution [28] , as reported in Table 1 D , for our water/SCL membrane systems.
Results
In Figs. 2-5, we plot the inverse of the measured steady-state mass fluxes of water 1 1 n as a function of air-flow Re -1/2 for our contact-lens materials. Here, the reference diameter for Re is that of the empty air-supply line. Best linear fits are also drawn for comparison. Clearly, the experimental data are well represented by fitting straight lines for all SCL membranes and for all relative humidities, indicating that our experiment obeys the impinging-jet flow conditions. Therefore, we can confidently extrapolate our measured water fluxes to infinite air-flow rate to obtain the steady-state diffusive mass fluxes through the SCL membranes in the absence of any external mass-transfer resistance. In these plots, the nonzero slope of the straight lines shows that the external mass transfer resistance cannot be neglected. This slope increases with rising air relative humidity in agreement with theoretical predictions [48] . PureVision TM differ less than 10% from those for NT-PureVision TM at the same RH (see Table 2 ). The oxygen-plasma surface treatment creates small, hydrophilic silicate islands on the surface of ST-PureVision TM contact lens [37, 38, 49] . These islands are separated by the nascent, hydrophobic silicone-hydrogel material (balafilcon-A), and are elevated by about 10-50 nm [36] [37] [38] . Because only a partial area of the lens surface is affected by plasma treatment and only for a shallow thickness, material bulk properties such as diffusivity are expected to be, at most, marginally affected by surface treatment, consistent with our experimental findings. Because ST-PureVision TM and NT-PureVision TM contact-lens materials have essentially the same equilibrium and transport properties for water, we refer to these materials simply as PureVision TM in the remaining discussion. [8] reported a positive correlation between steady-state evaporative loss and water content for conventional soft-contact-lens materials. This result is also consistent with clinical and experimental observations that conventional hydrogel contact lenses with higher water content at saturation tend to dehydrate on eye more quickly and in a greater amount [1, 5, 50, 51] . Silicone-hydrogel PureVision TM has a water content at saturation that is slightly lower than that for HEMA. However, the measured water fluxes are twice as large. To our best knowledge, there are no previous published data for water fluxes through silicone hydrogel materials driven by a chemical-potential gradient. Some data have been reported for tritium-labeled water diffusion rates, which show a somewhat (10%) higher water transport for PureVision TM compared to that in HEMA [16, 36] .
Discussion
The calculated steady-state membrane thickness for SofLens TM One Day is nearly half of those for HEMA and PureVision TM lens materials (see Tables 1 and 2) , whereas the steady-state water fluxes for SofLens TM One Day are 10 and 5 times larger than those for HEMA and PureVision TM , respectively. Thus, the large variation in water fluxes must be primarily related to the physico-chemical properties of the lens membranes.
SofLens TM One Day is a copolymer of HEMA and N-vinyl-pyrrolidone (VP). The latter monomer confers augmented hydrophilicity to the SCL material, increasing saturation water content from 38 (HEMA homopolymer) to 70 %. Moreover, polyvinylpyrrolidone exhibits water diffusivities greater than those in HEMA [52] [53] [54] [55] . Therefore, VP enhances water transport in SofLens TM One Day by increasing both water uptake and diffusivity in the SCL material. PureVision TM has a more complex chemical composition with the exact formulation proprietary. However, literature indicates that PureVision TM is a copolymer of tris-(trimethylsiloxy)-silyl-propylvinyl carbamate (TRIS-VC), N-vinylpyrrolidone [56] , a vinyl carbonate functional polydimethylsiloxane (PDMS) macromer, and a vinyl carbamate derivative of alanine [47] . Although water uptake for PureVision TM is essentially the same as that for HEMA, water diffusivity is most likely augmented by the presence of both silicone [57, 58] and VP groups.
To interpret our experimental fluxes with EMS or Fick's law, we first take the EMS ( ) or Fickian ( 1p Ð 1p D ) diffusivities as concentration independent, and we fit or 1p 1p D separately for each RH condition, as explained in Appendix I. D both increase significantly with average water content for all SCL membranes. The starting assumption of concentrationindependent diffusivities is, therefore, not satisfied.
Concentration dependent diffusivities
In an attempt to account for the strong water-content dependence of the diffusivities, we assumed an exponential variation with water volume fraction,
, where a and b are constants; we fit the measured water fluxes to obtain parameters a and b according to the procedure outlined in Appendix I. Unfortunately, fitting results were poor. To resolve this discrepancy, we first questioned the assumption of isothermal diffusion as outlined in Appendix II. Our calculations show that evaporative cooling at the membrane/air interface has little impact on the measured water fluxes (see Table 3 ). Hence, our systems can be effectively considered isothermal.
To explore further the reasons for our inability to describe the RH dependence of our extrapolated water fluxes, 1 n ∞ , we examined the trend of measured water fluxes as a function of RH. Because a higher air RH corresponds to a lower driving force for water flux, one expects lower fluxes at higher RH. For HEMA 1 n ∞ indeed decreases (or remains unchanged within experimental uncertainty) with increasing RH. However, the opposite trend and a minimum are observed with SofLens TM One Day and PureVision TM materials, respectively. Crank [59, 60] reports similar increases in steady-state diffusive transport for increasing gas concentration of an evaporating solvent from polymer membranes.
Such increase of solvent flux with a smaller driving force is commonly observed in drying technology and is termed "trapping skinning" [61] .
In EMS, the water flux at steady state can be written in the form
where is the specific volume of pure solvent. The derivative of the chemical potential with composition is positive for a stable mixture. For any non-negative concentrationdependent , the integrand in Eq (3) is non-negative. Since the upper limit of integration in Eq (3) is fixed and the lower limit,
φ , decreases by lowering the air RH, EMS predicts a steady-state flux that always increases when the air RH decreases. Therefore, our model cannot predict trapping skinning for any that is a non-negative function of concentration. Arguments presented in Appendix III show that accounting for shrinking/swelling does not relieve the discrepancy in the EMS model. Note, also, that the same result is encountered in Fickian diffusion models [60, 62] . that trapping skinning may occur when the surface of the polymeric material exposed to the atmosphere undergoes a rubber-to-glass transition during drying. A recent study using atomic force microscopy [66, 67] showed that such transition occurs in some HEMAbased SCLs when environmental relative humidity drops below 50-60%. We have also investigated the possibility of glassy-skin formation for our SCL materials by measuring glass transition temperatures as a function of water content with modulated differential scanning calorimetry [39] . We find that, for the formation of a glassy skin, a local water content is required of less than 12, 15, and 7 weight % for HEMA, SofLens TM one day and PureVision TM materials, respectively. The corresponding air RH (~ water activity)
can be estimated from equilibrium water-activity versus water-content data obtained with a gravimetric sorption technique at 35 °C [68] . Our results indicate that the rubber-toglass transition occurs at estimated RH of 74%, 64% and 57% for HEMA, SofLens TM One Day and PureVision TM , respectively. Therefore, it is likely that all three SCL materials exhibit a glassy skin at the membrane/air interface when the experimental RH is equal to 20% and 50% in Table 2 , which may explain the existence of trapping skinning.
For HEMA, the appearance of a glassy skin apparently compensates exactly the effect of increased driving force for water flux when the RH is reduced from 50% to 20%. For HEMA, no substantial variation with RH is observed in the measured water fluxes.
For SofLens TM One Day material, however, trapping skinning overpower the chemical potential gradient driving water transport leading to a decreasing water flux with decreasing RH. Therefore, consistent with on our bulk T g measurements and with the surface T g experiments of Opdahl et al. [66] and Koffas et al. [67] , trapping skinning is the most likely explanation for the unsuccessful fitting of our experimental fluxes with a diffusivity increasing with membrane water-concentration. A concentration-dependent diffusivity cannot explain the water flux data for the studied contact lens materials.
Only a few models [61, [63] [64] [65] have been proposed to explain trapping skinning, mainly for the drying of polymeric coatings. One model invokes a viscoelastic diffusion process for a polymer/solvent mixture near its glass-to-rubber transition temperature [61, 63, 64] ; another model assigns its capability of predicting trapping skinning to incorporation of a non-ideal volume change in the glassy region of the polymer/solvent mixture [65] . Unfortunately, we cannot directly apply these models to our systems because many of the required parameters are not available or cannot be easily obtained for our SCL materials. However, we believe that it is unlikely that the incorporation of a non-ideal volume change can explain our results. Indeed, Appendix III shows that the steady-state water flux must increase upon reduction of external RH, except in the unlikely instance that the partial specific volume for the SCL polymer is negative. We conclude that accounting for non-ideal volume of mixing in a glassy skin cannot represent trapping skinning in our systems.
Other models may be proposed to represent trapping skinning. For example, we may consider a surface resistance on the SCL -surface exposed to air which decreases upon raising the external relative humidity. However, the number of parameters required to fit our extrapolated water fluxes is too large to obtain unambiguous values. Because EMS (and Fick's law) do not account for a rubber-to-glass transition and cannot represent trapping skinning, we can only report the concentration-independent diffusivities listed in Table 2 ; these reported diffusivities must be considered as effective diffusivities when the RH is below the critical RH for the glass-to-rubber transition.
Soft contact lens wear
At the beginning of a blink cycle, a soft contact lens on-eye is normally bathed in the tear film. The pre-lens tear film (PrLTF) on a soft contact lens is generally unstable and ruptures several seconds after lid opening [69] [70] [71] . Some regions of the SCL surface are then exposed directly to external air [72] . Upon PrLTF rupture, an evaporativedehydration process commences that draws water through the contact lens and out of the post-lens tear film toward the environment [2] [3] [4] [5] [6] [7] . A subsequent blink deposits a new PrLTF on the SCL surface, and the contact lens partially rehydrates. This process repeats cyclically at each blink. After some time, the soft contact lens reaches a periodic steady state [2, 48] . In this condition, the SCL has constant water content when averaged over a blink cycle. However, there remains a non-zero water flux from the PoLTF through the contact lens toward the external air. The amount and the rate of dehydration depend on a large number of factors including water diffusivity in the SCL material, SCL thickness, PrLTF stability, SCL surface area exposed to air upon PrLTF rupture, blink rate, external RH, and wind velocity. Because water diffusivity and water content are higher for SofLens TM One Day, we expect SofLens TM One Day to be more prone to in-vivo dehydration and PoLTF collapse than HEMA and PureVision TM contact lenses. From this point of view, high water transport rates through SCLs are undesirable. Consequently, formation of a glassy skin and a water diffusivity that increases with water concentration may be beneficial for a soft contact lens worn on the eye because they limit lens dehydration in low humidity environments. Conversely, physical interaction of the eyelid with a glassy skin may lead to discomfort [73] .
Conclusions
We have investigated water transport through typical soft-contact-lens (SCL) materials with an evaporation-cell method. Measured steady-state water fluxes are largest for SofLens TM One Day (~50-70×10 -6 g cm -2 s -1 ), an order of magnitude greater than those for HEMA membranes (~ 4-5×10 -6 g cm -2 s -1 ). For PureVision TM , the surface oxygen-plasma treatment does not affect water transport through the soft contact lens.
For SofLens TM One Day and (in some cases) for PureVision TM materials, water fluxes increase with rising environmental relative humidity. This phenomenon is associated with formation of a glassy skin at the membrane/air interface. Independent measurements of the glass-transition temperature for these SCL-polymers as a function of water content strongly suggest that our SCL materials develop a glassy skin when RH = 20% and RH = 50%, whereas our lenses remain rubbery at RH = 80%. 
Steady
Appendix I. Fitting Diffusivities to Evaporation-Cell Water Fluxes: Mathematical
Details
Eq (1) in the text gives the EMS diffusion equation for an isothermal, isobaric membrane/water system. At steady state, the membrane polymer species velocity is zero and the water velocity (or flux) is a constant. Because the chemical potential in Flory-Rehner theory is expressed as a function of volume fraction, it is convenient to rewrite Eq (1) as
where is the extrapolated mass water flux through the SCL material at steady-state.
Eq (I.1) is a first-order nonlinear differential equation with an unknown parameter, the diffusivity . We want to obtain by fitting to our measured water fluxes,
Unfortunately, integration of Eq (I.1) is not straightforward since the steady-state thickness L of the membrane is unknown because the membrane swells or shrinks in response to the water-content profile. To account self-consistently for swelling/shrinking of the membrane, we impose conservation of the total polymer mass [28, 74] . Thus, we define a variable η representing the mass of polymer per unit area between x = 0 and x,
where ˆp v is the partial specific volume for polymer. Polymer mass conservation requires
It is convenient to write Eq (I.2) in differential form and to solve it simultaneously with Eq (I.1) [74] . We define a dimensionless
After replacing x with ξ in Eq (I.2), we reduce the integral equation to a first-order differential equation or
To now solve for the membrane thickness we note that L is a scalar independent of position so that
In general, the EMS diffusivity is a function of composition. Since this dependence is not known, we first assume that constant and then, if needed, relax this constraint. We express the constancy of as 
Boundary Conditions
Four boundary conditions are required. Since there is no mass-transfer resistance at the air/membrane interface at infinite air-flow rate, the volume fraction of water at the bottom surface of the membrane, 1L φ , is set by thermodynamic equilibrium with water vapor in air at the bulk relative humidity. Thus, the boundary condition at the membrane surface exposed to air is
where 1, L φ is calculated as explained earlier [28] . The other surface of the membrane is in equilibrium with pure water. Therefore, we have that
where 10 φ is calculated from the membrane water content at saturation [28] . The (I.9)
For each relative humidity, we solve simultaneously the set of coupled nonlinear differential equations using a finite-difference scheme with Newton iteration of the nonlinearities (subroutine BAND(J) [75] ).
EMS Diffusivities
As shown in the Discussion section, the resulting values vary with relative humidity. In particular, increases significantly with the average water content in the lens. Therefore, we relax the hypothesis of constant and assume an exponential concentration dependence for where a and b are constants. We use a Levenberg-Marquardt method [76] to fit these constants to the measured steady-state water fluxes in Table 2 .
Fickian Diffusivities
Because most researchers report Fickian diffusivities for small penetrants in polymeric membranes, we calculate here the diffusion coefficient of Fick's law for our systems. Under the assumption of a concentration-independent 1p D , the Fickian waterconcentration profile in the membrane is linear at steady state. Steady-state thickness L can be determined analytically by integration of Eq (I.2). Fickian diffusivities are then given by
where c indicates a molar concentration and 1 N ∞ is the extrapolated molar flux of water.
We do not attempt to fit concentration-dependent Fickian diffusivities.
Appendix II. Impact of Evaporative Cooling on Steady-State Water Fluxes
During is the water steady mass flux, and e is a combined energy flux defined by equations (19.3-4) and (19.3-6) in reference [77] . To derive Eq (II.3), we used Fick's law to express the water diffusive 1 n flux. In Eq (II.4), the first term on the right represents heat conduction, while the second term corresponds to the enthalpy flux associated with mass transport [77] .
The water weight fraction, , and the temperature, , at the membrane/air interface are unknown. We obtain these quantities by setting the fluxes and e in the membrane equal to the corresponding fluxes on the airside of the membrane/air interface: λ is the enthalpy of vaporization for water.
In Eq (II.6), the first term represents the heat flux in absence of simultaneous mass transfer, while the second and third terms give the heat flux associated with water-vapor transport and water vaporization, respectively. We assume that the temperature in bulk air is equal to that of the water reservoir (T 0 = 25 °C), and that and are related by local equilibrium. Details on parameter estimates and calculation procedure are given elsewhere [40] . Table 3 summarizes the results of calculations for coupled HT and MT equations. According to a recently proposed drying model [65] , trapping skinning in unsteady-state drying of polymer films can be explained by nonideal volumetric mixing behavior exhibited by a glassy polymer-solvent mixture. We show here that, under the assumption that the solvent diffusivity in a binary solvent/polymer system is a nonnegative function of concentration only, accounting for nonideal volumetric behavior is insufficient to capture trapping skinning in an isothermal permeation experiment at steady-state conditions.
As example, consider a membrane one surface of which is in equilibrium with pure water (located at x = 0) and the other is in equilibrium with air at a RH<100% (located at x = L), respectively. We investigate how the steady-state flux changes by varying the RH. The mass flux of solvent 1 is
where is the volume average velocity, , is the diffusive flux with respect to the volume average velocity, Fick's law, EMS or the diffusion models used in reference [65] . At steady state, the polymer velocity is zero or ( ) ( ) ( ) In Eq (III.4), 10 ρ is the solvent mass concentration in equilibrium with a pure solvent phase and 1L ρ is the solvent mass concentration in equilibrium with air at a given RH.
Since the upper limit of integration is fixed and the lower limit decreases by lowering air RH, the range of integration rises when air RH falls. For any non-negative concentrationdependent ( ) 1 D ρ , must increase by widening the range of integration, except when the partial specific volume of the polymer is negative. A negative is unlikely.
Therefore, except in the rare event of a negative , taking into account the non-ideal volumetric behavior in a glassy polymer-solvent mixture is not sufficient to explain a decreasing steady-state solvent flux when air RH falls. 
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